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An ab initio study of the chlorine x-ray emission spectra of the CH3CI 
molecule 
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The x-ray emission processes associated with K, L 1, and L 2,3 chlorine core shell ionization in 
the CH3Cl molecule have been studied using ab initio molecular orbital methods. The energy 
and absolute transition rates of XES processes have been calculated. Comparison with atomic 
calculations is used to identify weak molecular effects. For the K(J spectrum relaxation terms 
must be included to obtain good agreement between the calculated and experimental spectra. It 
is concluded that three transitions are major contributors to the K(J spectrum. However, a one-
center model is adequate to account for the Ka spectrum. Uncertainty regarding the extent of 
satellite contribution to the experimental L 2 ,3 spectrum and the breakdown of the single 
particle model has made direct comparison between theory and experiment difficult. New 
measurements and a more refined theoretical approach b~yond the relaxed Hartree-Fock 
model are desirable. The L 2,3 and L 1 or K(J emission spectra provide complementary 
information for probing the valence electronic structure of the CH3Cl molecule. 
I. INTRODUCTION 
There have been several high resolution ionization spec-
troscopic techniques developed in recent years to study the 
electronic structure of excited and ionized states of atoms 
and molecules. X-ray emission spectroscopy is one such 
technique which has considerable potential, especially now 
that monochromatic synchrotron radiation is available. Sin-
gle vacancy spectra now may be unravelled from associated 
excited resonant state, and multivacancy spectra. 1•2 Earlier 
experimental spectra have often proved to be difficult to in-
terpret in detail because of the ill defined initial ionization 
states resulting from using exciting radiation with an energy 
well above the required threshold for selective ionization. 3•4 
This effect is apparent in the experimental L 2,3 spectrum of 
the CH3Cl molecule considered for comparison with the 
present work. 
Theoretical calculations are of considerable value in in-
terpreting the complex spectra. The simplest models5•6 have 
embodied the assumption that the interatomic transition 
moment contributions may be ignored. Recent work 7- 9 has 
highlighted that for many molecules, especially where va-
lence electrons in bonding orbitals are involved, interatomic 
contributions and electronic relaxation contributions to ab-
solute transition moments may be significant even though 
relative transition rates may not necessarily show the same 
sensitivity. Ab initio molecular orbital methods6•9- 12 are 
therefore considered to be essential for the quantitative in-
terpretation of valence x-ray emission spectra. Semiempiri-
cal one-center methods must be used with caution. 
The chloromethane series of molecules has been the fo-
c~s ~f a number of x-ray photoelectron, 13•14 x-ray emis-
Sion -4,15-Js d 1 19 · d' I th' ' an Auger-e ectron spectroscopic stu tes. n 
IS Paper the results of ab initio calculations for the energy 
~~ absolute transition rates of x-ray processes for the 
d
3Cl molecule associated with initial holes in the 1a1 (Ka an K/] .. 
e . . emtsswn), 3a1 (L 1 emission), and 4a 1, 1e (L 2 ,3 
11liSS!on) core orbitals of the chlorine atom are reported. 
The results are compared with atomic chlorine emission rate 
calculations using a frozen orbital20 and a relaxed orbital 
model.21 The usefulness of both the one-center and multi-
center models is examined in the context of the chlorine K 
emission spectra for the molecule using both the neutral 
state and the initial1a1 single hole state wave functions. The 
one-center model has recently been used to interpret the Cl 
K(J spectrum. 18 It will be shown that such an approach has 
some deficiencies if electronic relaxation is not included. 
The theoretical K(J spectrum is compared with the 
known experimental spectrum. 2 It is concluded that three 
transitions, rather than two as previously proposed, 2 make a 
significant contribution to the spectrum. The L 2,3 diagram 
line spectrum has also been synthesized. The agreement with 
the published spectrum is poor4•16; however, it is concluded 
that caution must be exercised because the experimental 
spectrum may contain a significant satellite contribution 
and the theoretical approach does not include many electron 
effects. The latter is known to result in a splitting of the 5a1 
state. 14 
II. THEORY 
X-ray emission associated with initial and final hole 
states is characterized by the transition energy Elf and the 
transition probability. The latter is given in atomic units by 
the Einstein A coefficient 
A if= 1 Efra3 !Mif! 2, (1) 
whereEi/ifthe transition energy, a is the fine structure con-
stant, and M if is the transition moment. 
In the dipole approximation22 
Mif = ('l'fl~-tl'l';), (2) 
where tf!f and 'l'i represent the wave functions for the final 
and initial states, respectively. f.l is the electric dipole opera-
tor for all N particles in the system, 
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(3) 
and Z; is the charge of the particle. 
In this work both the length and velocity forms of the 
dipole operator have been used: 
d; = r; (length form), 
d; = ( 1/Eif)V; (velocity form). 
(4) 
(S) 
The formally equivalent acceleration form has not been con-
sidered. 
Using the Born-Oppenheimer approximation, Eq. (2) 
becomes9 
M if = ( IJI~ 1'1'1v) ( IJI~ li-te IIJI~ ) 
+('I'~ I 'I'~) ('l'~l!-tNI'I'1v). (6) 
The present calculations have been performed without 
geometric relaxation, i.e., with a fixed nuclear geometry and 
by ignoring vibrational motion such that 
('1'~1'1'1v) = 1. (7) 
When a frozen orbital calculation is undertaken, electronic 
relaxation between states is ignored, i.e., the electronic wave 
functions are orthogonal ('I'~ I 'I'~) = 0, then the second term 
in Eq. ( 6) vanishes. When a relaxed orbital approach is 
adopted, however, separate SCF calculations are performed 
for the initial and final states with the consequence that the 
two wave functions are not necessarily orthogonal. Further-
more, for charged molecules the value of the transition mo-
ment M if is dependent on the choice of origin of the coordi-
nate system23 such that9 
n 
Mif=- ('1'~12: rjl'l'~) 
j 
M 
+('I'~ I 'I'~) I ZJRJ (length form) (Sa) 
J 
while, 
Mif= -;if ('1'~1± Vjl'l'~) (velocity form). (8b) 
I J 
In the present study the center-of-mass is chosen as the 
coordinate origin, consistent with the work of Y oshimine et 
a/. 23 The matrix elements in Eq. ( 8) are evaluated ,as pre-
viously9 using the method of Lowdin. 24 
The methyl chloride molecule in its ground state trans-
forms under the c3v point group and has the electronic con-
figuration 
1a1,2ap3a14a11e,Sa16a12e7a3e. 
X-ray emission predominantly associated with the chlorine 
atom follows from core ionization in the 1a1 (K emission) or 
3a1,4a1, 1e (L emission) orbitals. 
The normal K emission processes may be either core-
core Ka transitions 
CH3CI+ [ cK] -CH3Cl+ [ cL] + hv (Ka emission) 
or core-valence K/3 transitions 
CH3Cl+ [ cK] -CH3Cl+ [v] + hv' (K/3 emission), 
where v denotes the valence orbitals Sat> 6a1, 2e, 7a1, and 3e 
and [ ] denotes a hole. 
For L shell emission processes we have L 1(3a1) core-
valence transitions and L 2,3 (4a1,1e) core-valence transi-
tions. The relative importance of K and L shell emission 
processes depends upon the initial core-hole ionization cross 
sections and the relative rates of the radiative to nonradiative 
deexcitation pathways. 
The calculations reported here were performed in the C, 
subgroup with the following geometrical parameters25: 
rc-CI = 1.781 A, rc-H = 1.096 A, LH-C-Cl = 10s.o·. 
The hydrogen ( Ss) -> [ 3s] basis set of Dunning, 26 aug-
mented with a p function of 1.0, was used together with the 
( 12s9 p) --+ [ 6s4p] chlorine basis of McLean and Chandler, 27 
to which was added a diffuses function (as= 0.08), a dif-
fusepfunction (ap = O.OS), and ad function (ad= 1.0).28 
For carbon the Dunning (9sSp)--+ [Ss3p] set26was used with 
ad function of exponent 0.7S.29 
Ill. RESULTS AND DISCUSSION 
A. Orbital ionization energies 
The orbital ionization energies calculated with the re· 
laxed Hartree-Fock model are presented in Table I along 
with the experimental values. The agreement is most encour-
aging being within 1 e V for all the levels except the Sa1 and 
6a1levels. The Sa1level is the innermost valence level where 
many-electron effects are most evident. Two peaks are ob-
served in the photoelectron spectrum14 at 26.3 and 24.3 eV 
with relative intensities of 0.67 and 0.33, respectively. To 
improve the agreement, inclusion of electron correlation 
contributions beyond that incorporated through electronic 
hole state relaxation is required using a configuration inter-
action on equivalent approach. If such an extension is made, 
it is essential that balanced configuration sets for the initial 
and final hole states are chosen so that meaningful one-elec· 
tron transition rates can be calculated.31 For the presenl 
study only the relaxed Hartree-Fock model has been used. 
B. K emission diagram lines 
The energy and transition probability results calculated 
with both the length and velocity forms of the dipole opera· 
tor for the Ka and K/3 emission processes corresponding to a 
1a1 initial hole are presented in Table II. The results are 
based upon use of the relaxed Hartree-Fock model. 
The transition probability results for the length and ve·j 
! 
TABLE I. Calculated and experimental orbital ionization energies for the! 
CH3Cl molecule. I l ==========================~. 
Expt.! Theory• Expt. 
Orbital (eV) (eV) 
3a1 276.8 277.2b 
4a1 207.1 207.9c 
1e 207.0 206.3c 
5a1 29.3 26.3d 
24.3 
• Relaxed Hartree-Fock model. 
hReference 13. 
c Reference 19. 
d Reference 14. 
e Reference 30. 
Theory 
Orbital (eV) (eV) t 
6a1 23.7 21.50' ! 
2e 15.6 15.40' 1 
7a1 13.4 14.42' I 
3e 10.4 11.30' • 
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TABLE II. Chlor.ine ~a and K{J x-ray emission in CH3Cl. Relaxed Har-
tree-Fock approxtmatwn. 
Final hole E/ AL Av 
state (eV) oo-6 a.u.) oo-6 a.u.) %AL 
- 3a1 2551.8 0.2 0.0 o.ob 
Ka 4a1 2621.5 664.0 617.6 50.2b 
!e 2621.6 1322.6 1228.8 lOOb 
5a 1 2799.3 1.2 1.0 l.Jc 
6a 1 2804.9 1.7 1.7 1.5" 
K/3 2e 2813.0 18.7 17.2 J6.6c 
7a1 2815.2 44.5 40.8 39.6c 
3e 2818.2 112.6 103.5 JOQc 
•Relative to the energy of CH3Cl+ [lad, -395.1763 hartrees. The 
ground state energy of CH3CI with the same basis is - 49.1318 hartrees. 
b Relative to the [ 1 e 1 state. 
c Relative to the [ 3e 1 state. 
locity forms agree within 8% for the major Ka and K/3 tran-
sitions. The exceptions are the weak [ la tl- [ 3a tl and 
[1ad-[5a 1 ] transitions corresponding to forbidden transi-
tions in the atomic case. To achieve improved agreement 
more sophisticated calculations accounting more complete-
ly for changes in electron correlation effects from the initial 
to the final state are required. It is highly unlikely that in-
creased computational sophistication would lead to any sig-
nificant changes in the conclusions drawn when compared 
with the present work. The relative rates presented in the 
final column of Table II are based only on the length form, 
since there is close agreement for the major transitions with 
the relative rates determined using the velocity form of the 
dipole operator. 
The results of absolute rate calculations performed us-
ing both the one-center and multicenter methods with neu-
tral state and initial [lad hole state wave functions are 
shown in Table III along with the relaxed multicenter calcu-
lations. Only the length form of the transition probability is 
shown because similar conclusions are drawn from consider-
ation of the velocity results. The corresponding relative rates 
are presented in Table IV. 
It is evident from Table III that for a particular model 
t~e one-center and multicenter absolute transition probabili-
ties are in close agreement with one another. However, the 
values depend upon the wave function model chosen. For 
the Ka processes, which involve only localized core-core 
transitions there is close agreement between the absolute 
transition results derived using neutral state wave functions 
and the fully electronically relaxed Hartee-Fock model. The 
results obtained using the initial la1 hole state wave func-
tions are ~ 10% higher. These results are consistent with the 
neutral atom data20 presented in Table V and with the fully 
relaxed atomic rates. 21 The latter are ~ 10% greater than the 
frozen orbital atomic values. The transition rate ratio for the 
[ 4at1/[ le] is ~50:100, independent of the model, thus the 
ratio conforms with the statistical prediction. The ab initio 
data supports the model that the Ka x-ray emission pro-
cesses are well localized on the chlorine atomic site, i.e., they 
are intraatomic in character. Such a situation is not as defini-
tive for the K/3 processes. 
There are large changes in both some absolute and rela-
tive $/3 rates with the model chosen. For example, the calcu-
lated absolute transition probability for the major transition 
[ lat1-[3e] islowerbymorethan 30% with the neutral state 
wave functions compared with the relaxed orbital value (Ta-
ble III). A similar result is obtained for the corresponding 
atomic transition.20•21 When the molecular initial hole state 
wave function is used an intermediate result is achieved. The 
[ lat1-[2e] transition is predicted to have less than half the 
probability with neutral molecule wave functions than with 
the fully relaxed case. However, when the initial la1 hole 
state wave functions are used the probability for the [lad-
[ 2e] transition is more than twice the probability for the 
fully relaxed case. The [ latJ-[7at1 transition rate is also 
50% higher in the [ la 1 ] wave function case than in the fully 
relaxed case. These results reinforce the conclusion of earlier 
work8•9 that electronic relaxation must explicitly be taken 
into account for both the initial and final hole states to obtain 
reliable values for absolute transition probabilities especially 
when valence electrons are involved. Electronic relaxation 
effects do, of course, involve one-center as well as multi-
center contributions. 
On the basis of the data in Table III it may be concluded 
that the multicenter contribution is much smaller than the 
effect of electronic relaxation. This can be understood in 
terms of the long C-CI bond of3.366 a.u. compared with, for 
example, a C-0 bond length of2.132 a.u. in the CO molecule 
where interatomic effects are much more important.9 
TABLE III. Chlorine Ka and K{J x-ray emission from CH3Cl. Dependence of absolute rates on wave function and multicenter effects. 
Neutral Initial hole state 
Final [-1 [lad 
hole Fully relaxed 
state One center Multicenter One center Multicenter multicenter 
Ka 4a 1 650.8" 650.8 720.9 720.0 664.0 
le 1303.8 1303.9 1441.8 1440.1 1322.6 
5a 1 1.0 1.0 0.3 0.5 1.2 
6a1 1.2 1.1 7.2 6.2 1.7 
2e 8.1 8.0 41.6 42.2 18.7 
K/3 
7a 1 26.3 25.7 43.3 53.2 44.5 
3e 73.8 73.8 86.4 89.5 112.6 
'All absolute rate calculated in the length form in units of w-6 a.u. 
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TABLE IV. Chlorine Ka and K/3 x-ray emission from CH3Cl. Dependence of relative rates on wave function and multicenter effects. 
Neutral Initial hole state 
Final [-] [la1] 
hole Fully relaxed 
state One center Multicenter One center Multicenter multicenter 
Ka• 4at 49.9 49.9 50.0 50.0 50.0 
1e 100 100 100 100 100 
5a1 1.4 1.3 0.4 0.6 1.1 
6a1 1.6 1.5 8.3 6.9 1.5 
K[3• 2e 11.0 10.8 48.2 47.2 16.6 
7at 35.6 34.8 50.1 59.4 39.6 
3e 100 100 100 100 100 
• Ka rates relative to 1e transition; K{J rates relative to 3e transition. Length form results have been used. 
While the relative rates (Table IV) predicted for the Ka 
transitions are independent of the model chosen, such is not 
the case for the K/3 processes. When relative rate values for 
K/3 processes are considered the differences between models 
are less pronounced than for the absolute rates, but neverthe-
less they are very significant. The transition involving the 
[ 2e] final hole state is predicted to be 11% of the main line in 
the neutral molecule case (Table IV), near 17% in there-
laxed case, and 47% in the [1a 1] wave function case. The 
corresponding values with the [7ad final hole state are 
35%, 40%, and 59%, respectively. The weaker "forbidden" 
transitions involving [Sad and [ 6a 1] final hole states have 
similar relative rate values for the neutral and fully relaxed 
cases but are predicted to be larger when [ 1a d wave func-
tions are used. The present neutral molecule results are close 
to those recently reported by Perrera et a!. 18 using a one-
TABLE V. X-ray emission data for atomic chlorine. 
Final hole Energy• ALb 
Process state (eV) oo-6 a.u.) %AL 
[2s] 2550.5 0.0 0.5 
K-L [2pl/2] 2621.1 625.5 50.6 
[2p3/2] 2621.7 1238.5 100 
[3s] 2803.2 0.0 0.0 
K-M [3pt/2l 2818.6 39.9 rS0.4 
[3p3/2] 2818.6 78.9 100 
[2pl/2] 70.6 0.285 10.3 
Lt-L2,3 [2p3/2] 71.2 0.632 22.9 
[3s] 252.7 0.0 0.0 
L 1-M [3pl/2] 268.0 1.43 52.0 
[3p3/2] 268.0 2.76 100 
L2-Mt [3s] 182.1 0.643 98.3 
L2-M2,3 [3p] 197.5 0.0 0.0 
LrMt [3s] 181.6 0.654 100 
LrM2,3 [3p] 196.9 0.0 0.0 
• Relaxed relativistic Hartree-Fock calculations [Dyall (private communi-
cation)]. 
b Frozen orbital relativistic Hartree-Slater calculations [Scofield (Ref. 
20) ]. 
center model based solely upon orbital coefficients deduced 
from ab initio ground state calculations. While such an ap-
proach is reasonable in first order, the present results in Ta-
bles II, III, and IV underline its deficiency for detailed spec-
tral comparison, since relaxation cannot be neglected. 
The results of atomic relativistic Hartree-Fock relaxed 
(.ilSCF) energy calculations for the chlorine atom [Dyall 
(private communication) ] and the frozen orbital relativistic 
Hartree-Slater transition rate calculations of Scofield20 us-
ing the dipole length model for a11 relevant transitions are 
presented in Table V. When comparing these data with the 
molecular values it should be recognized that different mod-
els have been used. Nevertheless, such information provides 
a useful basis for identifying molecular and relaxation ef-
fects. 
The Ka transition energy values for the relaxed calcula-
tions in column 3 of Tables II and V are within 1 e V of each 
other. This indicates that molecular effects on core orbitals 
and the change in the relativistic contribution between the 
initial and final core hole states are small. The differences in 
the K/3 energies reflect molecular effects. The Ka transition 
rates are similar in both the atomic and molecular cases indi· 
eating that localized core-core processes are dominant as 
discussed previously. The K/3 atomic transition rates should 
be compared with the neutral molecular wave function val· 
ues of Table III, since the former also do not include relaxa· 
tion effects. Similar total absolute rates are obtained for the 
K/3 molecular rate ( 110.4 X 10-6 a.u.) and the total atomic 
rate (118.8X 10-6 a.u.). . 
A Mulliken population analysis for the five outermost i 
valence orbitals is shown in Table VI. The populations are i 
shown as a percentage of the total occupation of the orbital.' 
The three columns correspond to results from the neutral· 
ground-state wave function, the initial1a1 hole state wave, 
function, and the appropriate final hole state wave function, • 
respectively. The 2e, 7a~> and 3e orbitals are analyzed first 
since they are of most importance for K/3 emission. 
In neutral ground state CH3Cl the 2e orbital is predorni· 
nantly carbon 2p1T while the 3e orbital is mainly of Cl 3p, 
character with small Hand C components. The 7a1 orbitalil 
a mixture of Cl3p a and carbon 2p a components. In the wave 
function optimized for the [2e] hole state, however, the 
chlorine 3p1T population has doubled in the 2e molecular 
J. Chem. Phys., Vol. 88, No.9, 1 May 1988 
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TABLE VI. Relative orbital populations <.~)_in CH3Cl based on a Mulli-
ken analysis from the grou~d state, ~he la1 t.mttal ho~e state and appropriate 
final hole state wave functiOn associated wtth chlonne x-ray emission pro-
cesses. 
Molecular orbital 
Orbital Ground state initial state Final state 
q, Component [-] [ latl [¢] 
-5a1 
Cis 72 90 67 
C!pu 1 1 0 
Cu 24 9 27 
Hs 4 0 6 
6a1 
Cis 27 8 17 
C!pu 3 12 4 
Cu 45 59 56 
Hs 24 21 21 
2e 
C!pJT 11 29 21 
Cp1T 52 41 51 
Hs 36 30 26 
7a1 
Cis 5 1 4 
C!pu 52 64 60 
Cu 34 24 30 
Hs 7 10 4 
3e 
C!pJT 88 71 95 
CpJT 4 21 1 
Hs 8 8 3 
orbital at the expense of the H Is contribution. Similar be-
havior is observed for the 3e molecular orbital in the [ 3e] 
state, where the Cl3p'fl" component which dominates the or-
bital is of even more importance than in the neutral ground 
state. The 7a1 molecular orbitalin the [7ad state is relative-
ly unchanged with respect to neutral CH3Cl. With the [ la1 ] 
wave functions the 2e orbital has increased C13p'fl" character 
at the expense of C 2p'fl" character compared with the other 
two models. This increase principally accounts for the in-
creased transition rate for the [ Ia 1]- [ 2e] transition (Table 
III) in the [lad case. The associated 3e orbital has a de-
creased Cl3p'fl" character and an increased C 2p'fl" character. 
These changes in orbital population are the major contribut-
ing factor to the increased relative importance of the transi-
tion involving the [ 2e] final hole state compared to the [ 3e] 
final hole state with the inclusion of electronic relaxation 
contributions. The [2e]: [ 3e] rates increase from 10.8:100 
for the neutral wave function case (Table IV) to 16.6:100for 
t?e relaxed orbital case to 47.2:100 for the [ la1 ] wave func-
tion case. Interatomic polarization effects are of most impor-
tance for the transition involving the [ 2e] final hole state. 
They are not as important however as for polyatomic mole-
cules with first row atoms. 7 The small Clp component of the ~a! and 6al orbitals is the primary reason why transitions 
tnvolving these orbitals are weak. 
h A previous ab initio study for the HCl molecule32 
8 
o_wed that the Cl K/3 spectrum for that molecule had two 
~a~n lines at 2814.0 and 2818.4 eV with a relative intensity 
0 6
:100. For the CH3Cl molecule due to a lowering in the ~i~~etry ~~e Cl K/3 spectrum has three main lines (Table 
at lS n addttion_to lines at 2815.2 and 2818.2 eV there is a line 
l3.0 eV Wtth 16.67% of the main line intensity. 
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FIG. 1. (a) Experimental chlorine K{J spectrum (Ref. 2) (dotted curve) 
and least squares fit (full curve) based upon three Lorentzian functions. (b) 
Theoretical spectrum synthesized using three Lorentzian functions with a 
1.5 eV FWHM value. Quantitative details given in Table VI. The energy 
scale has been shifted by -2800 eV. 
Recently, Perera et a!. 2 reported an accurate Cl K/3 
emission spectrum for CH3Cl with minimal satellite conta-
mination. They observed a very small peak at 2806.4 e V and 
two larger peaks at 2814.0 and 2817.2 eV. These two latter 
peaks had previously been interpreted by La Villa4 as arising 
from transitions from the 7a1 and 3e orbitals, respectively. 
The present Hartree-Fock theoretical results agree well 
with the observed energies (Table VII), with the calculated 
values being too large by -1 eV in both cases. To obtain the 
transition energies to higher accuracy it is necessary to expli-
citly account for the effects of electron correlation in a bal-
anced way between the two hole states. 
Comparison of the experimental and theoretical results 
brings to light an interesting anomaly. The theoretical calcu-
lations predict a further peak in the spectrum approximately 
2 e V lower in energy than the 7 a 1 peak, with an intensity one-
sixth of that of the main line. This peak was not reported in 
the analysis of the experimental spectrum, 2 but its presence 
has recently been indicated. 18 
The experimental spectrum is shown as the dotted curve 
in Fig. 1 (a). The low photon energy region shows consider-
able asymmetry. The digitized experimental spectrum was 
deconvoluted by a least squares procedure33 using two and 
three peak fits of both Gaussian and Lorentzian functions. It 
was found that a Lorentzian shape fit was superior and that a 
J. Chern. Phys., Vol. 88, No.9, 1 May 1988 
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TABLE VII. Comparison of theory with experiment for K/3 spectrum of 
CH3Cl. 
Experiment• Theory 
Assignment Energy (eV) Intensity Energy (eV) Intensity 
3e 2817.2 1.0 2818.2 1.0 
7a1 2814.1 0.26 2815.2 0.39 
2e 2813.2 0.19 2813.0 0.17 
• Raw spectrum from Perera eta!. (Ref. 2) deconvoluted as described in the 
text. 
fit with three peaks gave a lower mean square error 
(1.2X10-4 ) than a fit with two peaks (1.6x10-4 ). The 
synthesized spectrum is shown by the full curve in Fig. 1 (a) 
and the three component peaks by the dotted Lorentzian 
curves. A spectrum synthesized from the theoretical results 
with Lorentzian line shapes and a FWHM of 1.S e Vis shown 
in Fig. 1 (b). The theoretical spectrum is displaced by 
- 0. 98 e V to align the most intense peaks. The experimental 
and theoretical line energies and intensities are summarized 
in Table VII. The weak low energy peak at 2806.4 e V report-
ed by Perera et aF may be associated with the Sa 1 and 6a 1 
hole states or with a satellite. 
Analysis of Table VII shows that, experimentally, the 
peaks are separated by 3.S and 0.88 eV, while in the theory 
these separations are 3.0 and 2.2 eV, respectively. The rela-
tive intensities are also similar. The 2e intensity is not ob-
served as a separate peak in the experimental spectrum be-
cause it is separated from the 7a 1 peak by 0.88 eV, while the 
resolution of the instrument is estimated to be 1.0 eV. The 
third peak is resolved in the theoretical spectrum only be-
cause it is 2.2 eV away from the 7a1 peak. Electron correla-
tion contributions may narrow the separation. As previously 
noted, agreement to within 1 e Vis as much as can be expect-
ed within the bounds ofHartree-Fock theory. The intensity 
predictions are in reasonable agreement with one another. 
While the 7a1line is predicted to be too intense, the 2e peak 
theoretical value is close to the deconvoluted experimental 
value. It is possible that the experimental spectrum may con-
tain some satellite intensity contamination although this is 
expected to be small. An on threshold excitation using 
synchrotron radiation should eliminate multivacandy and 
resonant excitation effects. The K/31 Ka branching ratio is 
8.9:100(L) compared with 8.2:100(L) for the HCl mole-
cule32 and 8.6:100(L) for the isolated atom.21 The result is 
consistent with a greater polarization of valence electron 
density towards the chlorine atom in the CH3Cl molecule 
than in the HCl molecule. 
C. L1 emission diagram lines 
The energy and intensity values for the various transi-
tions associated with an L 1 ( 3a 1) initial hole are presented in 
Table VIII. There are two intrashell LcL 2,3 type transitions 
and five intershell L 1-M transitions. The absolute transition 
probabilities are presented for both the length and velocity 
forms, while the relative rates are presented only for the 
length form, since the relative values for the two forms are in 
close agreement. The molecular absolute transition probabi-
TABLE VIII. Chlorine L 1 x-ray emission in CH3Cl. Relaxed Hartree-Fock 
approximation. 
Final hole E/ AL Av 
state (eV) ( w- 6 a.u.) ( w- 6 a.u.) %ALb 
4a1 69.7 0.492 0.379 10.7 
[3ad 1e 69.8 0.989 0.765 21.9 
Sa1 247.6 0.056 0.031 1.2 
6a1 253.1 0.061 0.057 1.3 
[3ad 2e 261.3 0.746 0.586 16.5 
7a1 263.4 1.785 1.357 39.5 
3e 266.5 4.516 3.547 100.0 
"Relative to the energy ofCH3Cl+ [3ad equal to -488.9539 hartrees. 
b Relative to the [ 3e] state. 
lities are again significantly higher than the atomic values20 
presented in Table V. The difference is principally due to the 
inclusion of relaxation effects in the molecular case, but not 
in the atomic case. The findings are consistent with the re-
sults for K emission. The transition energy shifts from the 
atom to the molecule are small. While the absolute rates are 
very different the relative rates for the transitions involving 
valence electrons are almost identical for the K emission pro-
cesses (Table II) and the L 1 emission processes (Table 
VIII). This is hardly surprising since the initial hole state is 
well described by a localized s type atomic hole state ( 1s or 
2s) on the chlorine atom in each case and the same valence 
molecular orbitals are probed. The branching ratio for Lc 
L 2,3 toLcM transitions is 21:100(L) for the CH3Cl mole-
cule compared to 22:100(L) 20 for atomic chlorine and 
23: 100 (L) 32 for the HCl molecule. We are not aware of any 
reported experimental L 1 spectra for the CH3Cl molecule. 
D. L23 emission diagram lines 
The L23 transition energies and probabilities for the 
CH3Cl molecule are presented in Table IX. The 4a1 and le 
hole states are predominantly of chlorine 2p character and 
are calculated to be within 0.1 e V of each other. The spin-
orbit splitting of 1.6 e V19 is not reproduced due to the neglect 
of this effect in the calculation. The main transitions are to 
the Sa1 and 6a 1 final hole states, while the 7a 1 line also has 
some strength. The transitions involving the e-type valence 
orbitals are not significant. This pattern can be explained in 
terms of the orbital electron distributions as manifested by 
Mulliken population analysis (Table VI). The 5a1 orbital is I 
dominated by chlorine 3s while the 6a1 orbital is also of Si 
character, delocalized over all the atoms. The 7 a 1 orbital is I 
mainly of Cl 3pu type and this line is weak because it corre·! 
sponds to a "forbidden" p-p transition, as do the lines corre· i 
sponding to the e type orbitals. ! 
The relative transition rates for the deexcitation path·! 
ways to the Sa1, 6a 1, 7a 1 final hole states are in the ratio 
100:19:2 for a 4a1 initial hole and 100:36:8 for a 1e initial 
hole. Interatomic effects involving the carbon u orbital com· 
ponent to the molecular orbital are considered to be a factor 
with Cl2p,. .... Ca contributions being more important than 
Cl2pa .... Ca contributions. A similar phenomenon was ob· 
served for the forbidden transitions in the HCl moleculeY 
The total [ 4a d-[ v] molecular rate is 112% of the total 
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TABLE IX. Chlorine L 2•3 x-ray emission in CH3CI. Relaxed Hartree-Fock approximation. 
Eif(eV) 
Final hole 
state Theory Expt.c 
Sa 1 177.8" 181.6 
183.6 
6a 1 183.4" 186.4 
[ 4atl 2e 191.S" 192.S 
7a1 193.7" 193.S 
3e 196.7" 196.6 
Total 
Sa1 177.8b 180.0 
182.0 
6a 1 183.3b 184.8 
[!e] 2e 191.5b 190.9 
7a1 193.6b 191.9 
3e 196.7b 19S.O 
Total 
"Relative to the energy of the CH3CJ+ [ 4atl state, - 491.SIS9 hartrees. 
bRelative to the energy of the CH3CJ+ [ 1e] state, - 491.S186 hartrees. 
coetermined from ionization energies in Table I. 
dlntensities relative to [ 4atl-[Satl rate set equal to 100 . 
I 
AL Av 
oo-6 a.u.) (10-6 a.u.) IL 
-
O.S88 0.469 100d 
0.112 0.087 19.0d 
o.oos 0.004 0.8d 
0.013 0.001 2.2d 
0.0 0.0 o.od 
0.718 O.S61 122.0 
0.440 0.361 83.9• 
0.1S9 0.129 30.2· 
0.002 0.001 0.3• 
0.036 0,028 6.9· 
0.004 0.0 0.7• 
0.641 O.S19 122.0 
•Intensities based upon equal total branching ratio for [ 4a1] and [ 1e] type processes. [ 1e] intensities must be multiplied by 2 when spectrum synthesized. 
That is, it is assumed total [ I e] cross section = 2 X total [ 4a 1] cross section. 
[le]-[v] molecular rate. Both rates would be equal with a 
statistical model. This trend is similar to that reported for 
the HCl molecule32 where the corresponding value was 
11S%. It reflects different orbital overlap factors due to mo-
lecular symmetry effects. Because of core hole symmetry 
differences L 2 3 and L 1 or K/3 emission spectra are largely complementa~y in probing valence electronic structure. The 
relative intensities shown in column 7 of Table IX are deter-
mined assuming equal branching ratios for the [ 4ad and 
[ 1e] deexcitations. Only the length form results are present-
ed. 
The calculated transition energies are compared with 
experimental values deduced from orbital ionization ener-
gies in columns 3 and 4 of Table IX. The agreement for 
transitions involving the outer valence electrons is within 1. 3 
eV. For the Sa1 and 6a 1 inner valence orbitals which are of 
most importance for L 2,3 x-ray processes, the discrepancies 
are more significant due to the importance of many-electron 
effects. Photoelectron studies 14 discussed earlier have shown 
~hat the Sa 1 state is split with the two bands having a 2:1 
mtensity ratio at a photon energy of llS eV and e = 0°. 
. The theoretical chlorine L 2,3 emission spectrum pre-
dtcted for the CH3Cl molecule is shown as Fig. 2(a). The 
sp~ctrum is based upon the data in Table IX synthesized 
usmg Lorentzian functions with a l.S eV FWHM value. The 
experimental rather than the theoretical energies have been 
u.sed. The splitting of the Sa 1 state has not been included, 
stfnce the relative intensities, which depend upon the nature 
0 th . . . 
t ~ 1.0 ntzatton process, are not known. The first of the two 
ransttton energies is chosen since this is expected to corre-
sp~nd to the dominant line. It has been assumed that the 4a 1 
an l?Torbitals have the same ionization cross-section values 
per electro d h . . 1 
I 't' n an t at the total branchmg ratlos are equa . nttal hol t . in 1 e s ate degeneracy dtfferences (1 :2) have also been c uded (see Ref. 31 ). 
The chlorine L 2 ,3 emission spectrum from CH3Cl has 
been reported by Ehlert and Mattson 16 and by La Villa. 4 The 
spectrum from the latter is shown as Fig. 2(b). There are 
several possible contributing factors to the differences ob-
served. From the theoretical viewpoint the major one is the 
omission of many-electron effects which affect principally 
the Sa1 state. If this correction is made in accord with the 
photoelectron spectra 14 there is not a significant improve-
ment between theory and experiment. Another factor is that 
the cross sections for 4a 1 and 11T orbital ionization using high 
energy electron impact may not be equal despite the close-
ness of the binding energies (within 1.6 e V) because of uvs 1T 
orbital symmetry differences. Furthermore, the branching 
ratios for x-ray vs Auger deexcitation processes may be dif-
ferent. An indicator in this regard may be the greater impor-
tance of the [le ]-[7ad radiative pathway compared with 
100 
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FIG. 2. (a) Theoretical chlorine L 2,3 spectrum synthesized using Lorent-
zian functions with a 1.S FWHM value. Quantitative details given in Table 
VIII. (b) Experimental L 2,3 spectrum including satellites after La Villa 
(Ref. 4). 
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the [ 4a1]-[7ad decay channel (Table IX) as discussed ear-
lier. Hence, in practice, the L 2,3 spectrum cannot be synthe-
sized with a high degree of confidence. There are also diffi-
culties with the experimental spectrum. 
High energy electron impact ionization probes can in-
duce excited and multiply ionized initial states. A wide range 
of initial, multiply excited and final state satellites are in 
principle possible as we have discussed in the case of the L x-
ray emission spectrum for argon.31 It is evident from the 
argon study that many of the correlation satellites may have 
transition energies within the energy range spanned by the 
diagram lines. This problem may be even more severe for 
molecules where there is a greater spread of valence orbital 
energies due to molecular symmetry effects. Additional 
complexities arise from vibrational effects and the possibility 
of molecular dissociation. For example, in the present study 
the radiative rate for the filling of a L 2,3 -type hole from the 
valence shell, Table IX, is more than 200 times slower than 
the filling of a K-type hole from the valence shell, Table II. 
The low energy structure between 17 4 and 178 e V (Fig. 2) is 
most probably due to final state correlation satellites, since 
these lines are the most intense in related atomic studies.31 
These may include dipole shake-up as well as monopole 
shake-up, in the atomic sense, 31 although the latter processes 
are of lesser importance. An alternative description is to re-
fer to such effects as radiative Auger processes. Satellites due 
to double ionization of the CH3Cl molecule will also occur in 
the low energy region. Our study of chlorine resonant excita-
tion in the HCl molecule32 also indicates that when such 
states are present the transition energies for the spectator 
lines are near those of the corresponding diagram lines with 
comparable transition rates, but that the participator satel-
lite will be 25-30 eV above the main [4aJ1-[5a1] diagram 
line. 
In order to further elucidate the L23 spectrum, in addi-
tion to theoretical refinements, a new measurement using 
near-threshold monochromatic synchrotron radiation to se-
lectively excite or ionize the 4a 1 orbital and independently, if 
possible, to resonantly excite the 1e orbital is required so that 
a more direct comparison between theory and experiment 
can be made. 
IV. CONCLUSION 
! 
The Ka and L 1 chlorine core-core x-ray emission spec-
tra of CH3Cl are dominated by intraatomic processes and 
show little evidence of molecular effects. The Ka rates are 
not very sensitive to hole state electronic relaxation, however 
the L 1-L 2,3 rates do display some sensitivity. The K/3 emis-
sion rates may increase by more than 50% when specific hole 
state electronic relaxation effects are included and by an 
even larger amount if only initial hole state relaxation is in-
cluded. The present work clearly demonstrates that elec-
tronically relaxed nonorthogonal initial and final hole state 
wave functions should be used. Furthermore, neutral frozen 
orbital molecular wave functions provide in general a better 
approximation to the preferred model than the 1a1 initial 
hole state wave functions. From a comparison of one-center, 
frozen orbital and relaxed orbital calculations it can be dem-
onstrated that interatomic effects are manifested most 
strongly in K/3 transitions involving the 2e orbital and L 2•3 
transitions involving the 6a1 and 7a1 orbitals. However, in-
teratomic effects are not as important as for first two mole-
cules such as C0,9 principally because ofbond length differ-
ences.7 
A reanalysis of the experimental K/3 spectrum leads to 
the conclusion that there are not two but three peaks in 
main K/3 spectral profile. The L 2,3 emission spectrum is ex-
pected to provide complementary information to the K/3 or 
L 1 emission spectra on the valence electronic structure 
CH3Cl molecule. The L 2,3 emission spectrum which 
been published may contain significant satellite contribu-
tions. The relaxed Hartree-Fock theory also fails to ade-
quately account for many-electron effects. New measure-
ments and further theoretical refinements are desirable. 
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